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INTRODUCTION
Recent developments in deep water offshore exploration has resulted in an increased
demand for offshore supply and service vessels with dynamic positioning (DP) capability.
This demand is a product of both the move to deeper water and the seafloor congestion
from the network of pipelines, cables and infrastructure in mature producing fields. The
deepwater and operational infrastructure environment requirements for offshore vessels
has seen a large increase in newbuilds and conversions to DP capability.
A vessel propulsor is any device which imparts momentum on a mass of fluid to produce
thrust. Typically, propulsors either screw propellers or water jet reaction devices which
vary in application from main propulsion, docking thrusters or thruster and main propulsion
combinations for dynamic positioning.
Propulsors for DP applications are required to have proportional thrust control from zero to
maximum. Generally, the propulsors achieve this thrust control by use of constant speed
controllable pitch propellers (CPP) or with variable speed fixed-pitch propellers (FPP) as
the thrust generating mechanism. These propellers are driven by direct diesel drive or
constant speed AC motor in the case of CPP propulsors or by either variable speed AC or
DC electrical motors in FPP propulsors.
Variable speed FPP propulsors are more efficient in terms of thrust generation and more
reliable in terms of availability and maintainability. Because the positioning capabilities of a
given vessel demand full proportional thrust control, FPP propulsors require a variable
speed drive, which may be either diesel-electric or diesel-hydraulic. A number of
applications have successfully used hydraulically powered propulsors to obtain the required
proportional thrust control.
Diesel-hydraulic systems are comparable to diesel-electric systems in function and power
transmission efficiencies with greater efficiency at partial loads typical of DP operations.
Since the prime mover and fluid power generator does not have to be located in proximity
to the propulsor(s), hydraulic thrusters are ideal for retrofit of offshore supply vessels. A
portable dynamic positioning system utilizing hydraulic thrusters for barges and other
vessels of opportunity is discussed as representative of the application and flexibility of
diesel-hydraulic propulsor drive.
The concept of diesel-hydraulic propulsion for the marine industry grew out of existing
technology originally employed in the offshore oil fields. Hydraulically-powered thrusters
are the benchmark for efficient and reliable propulsion units in the demanding offshore
environment. The hydraulic drive is extremely robust and forgiving. Propeller blockage or
fouling does not damage the drive train. The hydraulic system acts as a torque converter
and instantly relieves any transmission overloads.
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Hydraulic thrusters can be configured as transverse tunnel thrusters, rotational azimuthing,
or as direct drive main propulsion units. Hydraulic thrusters range from 100 to 1,000
horsepower, with 1,000 HP being the upper limit due to size limitations of available
hydraulic pumps, motors and conductors. Many hydraulic propulsion systems are in
operation around the world, including deck-mounted barge propulsion units, fixed and
retractable azimuthing thrusters, transverse tunnel thrusters for bow and stern applications,
and in fixed and portable DP systems.
CONSTANT AND VARIABLE SPEED PROPULSORS
Proportional thrust control required for DP operation can be accomplished by using either a
controllable pitch propeller (CPP) driven by a constant speed device such as an AC electric
motor or diesel engine at constant RPM, or by using a fixed pitch propeller (FPP) driven by
a variable speed drive such as an electric or hydraulic motor or by directly driving with a
diesel engine at variable RPM.
The screw propeller may be regarded as a helicoidal surface which, when rotating,
Ascrews@ itself through the water by developing a pressure differential across its disc in
accordance with Bernoulli=s equation.
An FPP is the most efficient propulsor for DP applications in terms of thrust production per
unit of absorbed power. This is because the FPP uses airfoil sections and blade twist such
that the pitch angle varies with the radius and blade sections at different radii are not on
the same helicoidal surface. This is known as span-wise airfoil variation or constant pitch
geometry where the pitch angle increases from the root to the tip but the blade pitch with
respect to radius is constant over the blade face (constant face pitch). The fixed pitch
propeller is most accurately referred to as a constant pitch propeller which has a constant
face angle of attack at any radius. Because of this constant angle of attack with respect to
the water inflow at any radius, the full length of the FPP blade has optimum pitch at all
operating speeds giving the most efficient pressure distribution on the blades and produces
maximum thrust.
In contrast, a CPP forms a helicoidal surface and has maximum thrust per unit of absorbed
power at only one designed blade pitch angle. A CPP blade is essentially an ogival flat
faced paddle with its chord at a right angle to the water inflow such that the propeller can
rotate at constant speed while producing zero thrust. The pitch angle is different at any
radius and is described as non-constant or variable pitch. The pitch control mechanism
can only adjust the whole blade resulting in an angle of attack that is most efficient for
maximum thrust per unit of power at one setting.
At other blade angle settings, the variation in pitch angle decreases the thrust per unit of
power. This variable pitch angle and angle of attack variation with blade span results in
less efficient pressure distribution on the blades and less thrust produced for power
absorbed. This is especially true for CPP tunnel thrusters where the pitch of the blade
must be controlled from full forward to full reverse.
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Thus, what is termed a fixed pitch propeller (FPP) is a variable speed, constant pitch
device whereas a controllable pitch propeller (CPP) is a constant speed, variable pitch
device. This difference in blade section and twist means that for a given unit of absorbed
power, the FPP produces more thrust than a CPP when the CPP is at its design point of
maximum efficiency. As the CPP blade angle moves away from its design point, the thrust
efficiency becomes much less.
Controllable pitch propellers were originally designed to optimize the pitch for different
vessel resistance curves, matching blade pitch angle to variable loading conditions. For
example, an oil tanker typically steams in loaded draft on the outbound leg and returns
unloaded or in ballast on the return leg of the voyage. The reduced vessel drag in the
unloaded light draft condition requires a greater propeller pitch in order to utilize available
horsepower for maximum cruising speed. Pitch adjustments are made twice per trip.
There are two reasons why CPP propulsors are not more common: First is the high
acquisition cost and maintenance intensity of the pitch control mechanism throughout the
life of the vessel and the second is the inefficiency of the CPP compared to a comparable
FPP, especially while reversing. The inefficiencies of CPP tunnel thrusters are further
aggravated by the large propeller hub diameter, reducing effective propeller blade area
within the confines of the tunnel. The large propeller hub is necessary to physically
accommodate the pitch control and feedback mechanisms. The variable speed fixed pitch
propeller system, with its small hub diameter, gives maximum propulsive efficiency at any
control setting.
On a thruster application, such as a tunnel thruster or azimuthing drive used for dynamic
positioning, substantial pitch adjustments are constantly required for the aforementioned
proportional thrust control. The complicated pitch control system and its intricate feedback
system is maintenance intensive. The high failure incident rate of pitch control
mechanisms when used in dynamic positioning applications is well documented. The CPP
system contains many hundreds of moving parts that have questionable reliability when
used in a demanding DP application requiring continuous, full range blade pitch
adjustments. While the transmission efficiency of the CPP is high (ç = .90), the large
propeller hub and poor pitch distribution of the blades result in lower propeller efficiencies
than those obtained with FPP systems. An FPP thruster with a variable speed drive is
much more efficient and reliable.
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POWER TRANSMISSION EFFICIENCIES
There are four main methods of marine thruster power transmission: direct diesel drive,
constant speed electric motor drive, variable speed electric motor drive and variable speed
hydraulic motor drive. We shall examine and compare these drive systems and their
power transmission efficiencies.
For smaller thruster applications, such as a tunnel thruster, direct-drive diesel with FPP or
CPP is by far the most prevalent. It consists of a diesel engine directly driving the
propulsion motor through a series of drive shafts and right angle spiral bevel gears. Thrust
output is usually controlled by the pitch mechanism of the CPP or by speed control of the
engine with an FPP. Efficiency losses at full load are conservatively estimated at nine to
eleven percent resulting in an efficiency of ç = .89 to .91 depending on whether the
configuration is in the L or Z form (Table 1). However, direct diesel drive through fixed
reduction is not suitable for station keeping as the usable engine speed range is not
inclusive of the low thrust operating conditions encountered in DP applications, resulting in
unstable vessel control. Moreover, because of diesel engine low speed limitations
discussed above, the lower average power loading and increased specific fuel
consumption results in poor fuel efficiency, cylinder carbon and coke formation, increased
maintenance and lower engine life.
The most prevalent thruster drive system for station keeping is diesel-electric driving a
variable-speed DC motor. The system consists of a diesel-electric DC generator, electrical
switch gear, Silicon Control Rectifier (SCR), and the DC motor driving the propeller shaft.
Efficiency losses at full load are conservatively estimated at 18 to 21 percent giving
efficiency values of ç = .79 to .82, again, depending on whether the drive is in the L or Z
configuration.
While diesel-electric thrusters have been traditionally driven by a variable speed DC
motors, there is an increasing number of vessels utilizing their large AC generating power
to operate thrusters. These thruster systems can be driven by a constant speed or dualspeed AC electrical motor, where thrust is controlled by propeller blade pitch angle, or with
a variable-speed AC electrical motor and converters. Conservative power transmission
losses for AC systems are estimated at 18 to 21 percent with ç = .79 to .82.
A diesel-hydraulic propulsion system is analogous to the above described electrical
systems. In the electric system, the generator changes mechanical energy into electrical
energy (kilowatts, kW) at a certain pressure (voltage, V). This electrical energy is
transmitted to the thruster through cable conductors where the energy flows (current, I)
while overcoming resistance (in ohms, R). Conversely, the hydraulic system consists of a
pump which acts as the power generator, converting mechanical energy (horsepower, HP)
into fluid energy at a certain pressure (PSID). This fluid energy is also transmitted through
conductors in the form of pipes at a certain flow (GPM) where it encounters resistance (in
PSI drop per unit length). Power transmission losses of the diesel-hydraulic system are
conservatively estimated at 18 to 20 percent, or ç = .80 to .82.
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Comparison of the four propulsion systems= power transmission efficiencies presented
above and summarized in Table 1, shows that diesel-hydraulic propulsion units are equal
to or more efficient than comparable diesel-electrical propulsion systems and that both
diesel-electrical and diesel-hydraulic systems are less efficient than direct drive diesel
propulsion systems.
System

Efficiency

Direct Drive Diesel

ç = .89 to .91

Diesel-Electric (DC)

ç = .79 to .82

Diesel-Electric (AC)

ç = .79 to .82

Diesel-Hydraulic

ç = .80 to .82
Table 1. Propulsion System Efficiencies
The closed-loop, hydrostatic transmission drive of the propeller is highly efficient for
variable speed, proportional thrust applications such as DP. At partial load, the efficiency of
the hydraulic system increases. At half-load condition, power transmission efficiency is
typically ç = .82 to .85 compared to .70 to .75 efficiency for DC electric systems. Variable
AC drive systems have similar characteristics.
HYDROSTATIC POWER TRANSMISSION SYSTEM
One way to provide variable speed proportional thrust control is by using the
aforementioned diesel-hydraulic drive system coupled to an FPP propulsor. The most
efficient type of hydraulic fluid power transmission system is the hydrostatic type.
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Main Hydrostatic Transmission Circuit
The main hydraulic pump is a hydrostatic transmission over-center variable-displacement
axial piston pump, which provides the hydraulic power required to turn the propeller.
Hydraulic oil flows from the pump to the propeller drive motor and back directly to the pump
in a closed (hydrostatic) circuit. The pump has a number of pistons, which operate in a
rotating cylinder barrel where each piston performs one suction and one pressure stroke
per revolution.
The axial movement of the pistons, and thus the displacement and amount of oil flow, is
controlled by an adjustable swashplate. The position of the swashplate is controlled by an
electric solenoid which adjusts the swashplate angle in proportion to an electric signal
received from a command device such as a joystick. The swashplate angle may be
adjusted in overcenter, i.e., in either direction, allowing the hydraulic circuit to have bidirectional flow. In neutral position, the pistons have zero stroke and the pump does not
displace any volume of oil, regardless of input shaft speed.
A bidirectional thruster motor receives hydraulic power transmitted through hoses and
piping. The speed and direction of propeller rotation depends on volume and direction of
hydraulic oil flow governed by the main hydraulic pump. The output shaft of the motor is
mechanically linked to the propeller shaft, which turns the propeller.
Charge Circuit
Charge flow is required on all closed-circuit hydraulic installations to make up internal main
pump leakage, maintain a positive pressure in the main circuit, provide flow for cooling and
filtration, replace case drain losses from the main pump, thruster motor, and loop flushing
valve, and provide flow and pressure for the main pump internal control system.
The required charge flow is provided by a charge pump which may be integral or tandem
mounted to the main hydraulic pump. This charge pump takes suction from the hydraulic
reservoir and provides both control and positive closed-loop circuit pressure by providing
replenishment oil to the low pressure side of the loop. This make-up oil is passed through
a charge filter connected to the pump prior to injection into the circuit.
Loop Flushing Circuits
Some oil is taken from the circuit through the case drain lines of the pump and motor,
filtered, cooled, and sent to the hydraulic reservoir. In addition to case drain, a loop
flushing valve flushes some hydraulic oil from the main circuit and injects through the pump
case where it is removed by the pump case drain. A loop flushing pump is provides for
lubrication and cooling of the thruster motor. The fluid removed by loop flushing and from
the case drain lines is replaced by the charge pump which injects the cooled, filtered oil
into the closed-circuit loop from the hydraulic reservoir.
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Main Hydraulic Pump Controller
An electrically-operated hydraulic pump controller is mounted on the main hydraulic pump.
The controller uses an electro-hydraulic pressure control valve to control pilot pressure.
The pressure control valve converts an electrical signal to a hydraulic input signal to
operate a spring centered four-way servo valve, which ports hydraulic pressure to either
side of a double acting servo piston. The servo piston tilts the cradle swashplate, thus
varying the pump's displacement from full displacement in one direction to full placement in
the opposite direction.
The control has a mechanical feedback mechanism which moves the servo valve in
relation to the input signal and the angular position of the swashplate. The electrical
displacement control is designed so the angular rotation of the swashplate (pump
displacement) is proportional to the electrical input signal. Due to normal operating force
changes, the swashplate tends to drift from the position preset by the operator. Drift,
sensed by feedback linkage system connecting the swashplate to the control valve, will
activate the valve and supply pressure to the servo piston, maintaining the swashplate in its
preset position.
Electric Swashplate Angle Feedback
An electric swashplate angle feedback sensor is mounted to the main hydraulic pump. The
sensor provides an output signal proportional to the swashplate angle and the output of the
main hydraulic pump. The signal is sent to the dynamic positioning computer control
system and interpreted to determine thruster output.
Over Pressure Protection
The main hydraulic pump is designed with a sequence pressure limiting system and high
pressure relief valves. When the preset pressure is reached, the pressure limiter system
acts on the swashplate to rapidly de-stroke the pump so as to limit the maximum system
pressure. For unusually rapid loading such as a the propeller being entangled or blocked,
a high pressure relief valve is provided to also limit the pressure level.
Both the pressure limiter sensing valves and relief valves are built into the multi-function
valves located inside the main hydraulic pump. The sequenced pressure limiter and high
pressure relief valve system provides an advanced design of hydraulic over-pressure
protection which allows the propeller to be stalled without damage to the hydraulic power
transmission components.
Operational Characteristics
Use of a hydraulic propulsor for dynamic positioning decouples the thruster from the prime
mover in the same way an electric system decouples the generator from the motor.
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However, there are no intervening power conversion or control devices to absorb power
before reaching the hydraulic motor as are required for an electrical system.
This decoupling of the prime mover allows for complete flexibility of installation. The prime
mover and hydraulic power pack may be located in any convenient machinery space or
containerized on deck. The thruster may be installed at its most favorable location for
vessel geometry. There is no need for a separate thruster room with attendant HVAC,
lighting, and manned access requirements.
A simple AC induction motor or auxiliary drive off a generator or main propulsion engine
may be used as a prime mover. Alternatively, a separate dedicated thruster engine without
a clutch or marine reversing gear may be used to drive the hydraulic pump.
Elimination of spiral bevel gears, shafts, couplings and bearings also increases the
efficiency of the hydrostatic power transmission system when compared to other drive
systems.
The hydraulic system acts as a vibration damper. Propeller and engine induced vibrations
are dampened by the hydraulic system and isolated from one another. There are no
torsional or lateral critical speeds with in the operating range of the equipment. There are
no operational deadbands that must be accommodated by the DP software.
HYDRAULIC FPP PODDED PROPULSORS
The most common and most efficient thrusters used for station keeping or dynamic
positioning are azimuthing propeller thrusters using large diameter propellers in either
tunnels or Kort-type thrust nozzles. These thrusters typically develop 25 to 30 pounds of
net static thrust per horsepower. As a comparison, omni-directional jet thrusters typically
produce a net static thrust of only 11 to 14 pound per delivered horsepower and are less
practical for use in open water positioning applications with high thrust requirements. For
hydraulic drive of the propulsor, a podded design is most practical and efficient (Fig. 2, 3).
Hydraulic thrusters were the cutting edge of podded propulsor design. For applications
below 1,000 horsepower (745 kW), the hydraulic thruster is the only podded design
currently available.
In the podded design, a variable speed, bi-directional hydraulic drive motor is in the lower
assembly of the thruster, directly in line with the propeller shaft. Hydraulic hoses run from
the upper thruster assembly, through an opening or stem, and connect the drive assembly
in the thruster=s lower motor housing. In steerable thrusters, a multi-port swivel assembly
allows the unit to steer 360 degrees endlessly, without stops. The stem length can be
easily adapted to different vessel molded depths. There are no moving parts inside of the
thruster stem, other than hydraulic fluid running through the hoses, providing for an
extremely simple and reliable thruster design.
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Inside of the thruster tunnel or nozzle, a Kaplan accelerator series four-blade, high-thrust
propeller is directly driven by the podded hydraulic motor installed inside the lower thruster
housing. The podded propulsor hydraulic motor receives hydraulic fluid power, transmitted
through hoses and piping, and performs all operating functions to propel or position the
vessel. The speed and direction of propeller rotation depends on volume and direction of
hydraulic oil flow governed by the main hydraulic pump. The output shaft of the motor is
mechanically linked to the propeller shaft which turns the propeller.
The elimination of the spiral bevel gear sets and interconnecting shafts found on
mechanically driven systems substantially reduce the rotational inertia. When coupled to
the hydrostatic drive system, the propulsor has vary rapid response. Typically, the
hydraulic thruster can be reversed from full power forward to full reverse in under five
seconds. There is no need of a shaft brake or speed control system.
(image that appeared in the original paper is missing. Please contact the writer)
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RELIABILITY AND AVAILABILITY
There are very few rotating parts in the drive system or thrusters. The simple design of the
direct hydraulic drive, without right angle gear transmissions or drive shafts, provides for
extreme reliability and easy maintenance. There are no scheduled maintenance to the
drive system other than routine filter changes and maintenance to the prime mover.
Because all bearings are lubricated by the hydraulic fluid, there are no grease points or
lube oil levels to check.
For azimuthing thrusters, reliability is increased by the reduction of oil systems. A
conventional geared thruster has three oil systems; a lube oil system for the gears, a seal
oil system for the propeller shaft seal, and a hydraulic system for the steering and auxiliary
functions such as retraction if the truster is the retractable type. Elimination all oil systems
except hydraulic increases reliability by having only one lubrication principle and decreases
logistical support and chance of error.
PORTABLE DYNAMIC POSITIONING SYSTEM
An excellent example of the flexibility of the hydrostatic drive system for DP operations is a
portable dynamic positioning system (PDPS, Fig. 4). The PDPS may be used on vessel of
opportunity or transferred from vessel to vessel as the project or mission dictates. The
entire system can be installed dockside in a minimum amount of deck space and does not
require any permanent vessel modifications. Installation of the portable DP system can be
accomplished in as little as a few days.
The PDPS normally consists of four (4) or more thrusters, an equal number of
containerized diesel-hydraulic power units (HPU), a remote bridge control panel for manual
control of the thrusters and dockside maneuvering, a DP computer system with attendant
sensor suite, the interconnecting
hydraulic hoses or piping, and the
electrical cable between the
thrusters, HPU and control
panels. Standard thruster sizes
are 300, 500 and 1,000 HP.
Using
multiple
thrusters,
configurations of up to 8,000 HP
may be installed.
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Each thruster (Fig. 5) is powered by its own hydraulic power unit (HPU). These power units
enclose the hydrostatic drive system, radiator-cooled diesel engine prime mover, hydraulic
reservoir, fuel day tank, and local control panel. Most often, the HPU enclosure is an
modified ISO 20 foot shipping container (Fig. 6).

Any class or configuration of DP computer is compatible with the system but typically a
stand-alone compact joystick DP system is utilized. When redundancy is required, a
second backup DP computer and sensor suite may be installed with a manual standby
transfer switch. This provides excellent fault tolerance without the cost of a classed DPS-2
dual redundancy system.
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Below are a pipe and cable lay barge which
have been converted to DP operations
using the PDPS. Figure 7 has been in
operation for three years without a major
failure or drive off. Figure 8 is now working
in the rough waters of the Sea of Japan.
CONCLUSION
Manufacturers and customers often develop
their own concept of what constitutes
adequate system performance. Insufficient
performance causes low productivity and user dissatisfaction, and may reduce system life.
Excessive power or performance costs more to purchase, requires heavier power
transmission components, and induces higher operating costs. The ideal system is
responsive, productive, efficient, durable and cost effective. It satisfies the owner=s need
for reliable, lasting performance and overall value. Hydraulic marine propulsion systems fit
these criteria in the following ways:
1.

Clearly, diesel-hydraulic variable
speed FPP systems are superior to
constant-speed CPP systems in
terms of overall efficiency, bidirectional
thrust
production,
mechanical reliability, and flexibility
of installation and operation.
Installation
of
diesel-hydraulic
propulsion systems on existing
dedicated offshore support vessels
and vessels of opportunity provides
for flexible, cost-effective propulsion
solutions.

2.

Closed-loop hydraulic drive of the propeller is highly efficient. Transmission
efficiency from diesel engine to propeller is typically 80 to 82 percent at full load and
increases at partial load. At half-load, transmission efficiencies of the hydraulic
system are typically 82 to 85 percent. Since the majority of station keeping and DP
operations occur at partial load, the partial load efficiency is of particular importance
as the diesel-hydraulic partial load efficiencies are greater than any of the other
mentioned propulsion systems.

3.

Hydraulic systems, like any power transmission system, mechanical or electrical,
require adequate maintenance to ensure satisfactory performance and reliability.
However, the maintenance on the hydraulic thruster system is less than that of both
the mechanical system and the diesel-electrical system. Moreover, the use of the
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variable speed hydraulic motor and FPP combination eliminate the high failure
mode associated with mechanical and diesel-electric CPP systems.
4.

The concept of hydraulic propulsion for the marine industry was adapted from
technology originally employed in the offshore oil fields. The hydraulic drive is
extremely forgiving. Propeller blockage or fouling does not damage the drive train.
The hydraulic system acts as a torque converter and instantly relieves any
transmission overloads.

5.

The variable flow hydrostatic system allows for infinite propeller speed control in
forward and reverse direction. This allows perfect vessel station keeping
characteristics as well as instant thrust response. Hydraulic propulsion is superior
to diesel-electric propulsion in response, efficiency and maintainability.

6.

Hydraulic drive allows flexibility of design. The thruster can be installed at its most
favorable location while the prime mover with hydraulic pump can be installed in the
engine room or any other convenient location, optimizing weight distribution.

7.

Hydraulic transmissions are quiet, efficient and extremely smooth. The hydraulic
transmission separates and dampens engine and propeller vibrations. Critical
speed concerns are eliminated.

8.

The hydraulic marine drive is simple. The prime mover drives a hydraulic pump.
The propeller is driven by a hydraulic motor. In between are fluid conductors.
There are no drive shafts, gears, bearings or other mechanical components to fail.
The reliable hydraulics are virtually maintenance free and provide years of troublefree operation in the harshest marine environments, making hydraulic marine
propulsion one of the most reliable systems available for underwater intervention
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